The discovery of small non-coding RNAs, such as miRNA and piRNA, has dramatically changed our understanding of the role RNA plays in organisms. Recent studies show that a novel small non-coding RNA generated from cleavage of tRNA or pre-tRNA, called tRNA-derived small RNA (tsRNA), serves as a new regulator of gene expression. tsRNA has been determined participate in regulating some specific physiological and pathological processes. Although knowledge regarding the biological roles of miRNA and piRNA is expanding, whether tsRNAs play similar roles remains poorly understood. Here, we review the current knowledge regarding the mechanisms of action and biological functions of tsRNAs in intracellular, extracellular and intergenerational inheritance, and highlight the potential application of tsRNAs in human diseases, and present the current problems and future research directions.
Introduction
Small noncoding regulatory RNAs have emerged as vital players in various biological processes. Among them, microRNAs (miRNAs), which bind their complementary sites in the 3′-untranslated regions (UTRs) of target mRNAs, further inhibiting target gene expression at post-transcriptional level, is the most extensively studied [1, 2] . Recently, tRNA-derived small RNAs (tsRNA), a new type of small noncoding RNAs, have drawn great attention.
These small RNA fragments are not random degradation products, but specific cleavage products, which play important roles in various pathological and physiological conditions [3] . Collectively, there are two types of tsRNAs were produced from tRNAs. In the first, the 5′ and 3′ tRNA halves, also called tRNA-derived stress-induced RNAs (tiRNAs), are 30-40 nt long. tiRNAs are generated from cleavage of tRNAs by ribonucleases Rny1 and angiogenin (ANG) near or in the anticodon loop under pressure [4, 5] . Under pressure, for example, amino acid deficiency, hypoxia, UV radiation, oxidative damage, heat shock, phosphate starvation and viral infection [4, [6] [7] [8] [9] [10] [11] , the breakage of tRNAs happens. Nonetheless, this cleavege rarely occurs under normal conditions and very few tiRNAs are produced [12] . The other type of tsRNAs is tRNA-derived fragments (tRFs), tRFs are 18-22 nt and shorter than tiRNAs. tRFs are generated from mature and tRNA precursors by nucleases Dicer or RNase Z. According to their cutting site and sequence location on tRNAs, there are four types of tRFs at present, including 5-tRFs, 3-tRFs, 1-tRFs, and 2-tRFs [13] [14] [15] [16] [17] [18] [19] (Fig.1 ).
As small non-coding RNAs, tsRNAs have a lot in common with miRNAs, such as length and mechanisms of action. In this study, we summarize the latest views about tsRNA functions and discuss the similarity and difference in biological roles and functional mechanism between miRNAs and tsRNAs.
Mechanisms of action of tsRNA
As we known, miRNAs function via base-pairing with complementary sites on the 3′-UTR of target mRNAs, further leading to mRNA degradation or translational repression [1] . More prominently, recent studies found the new action mode of miRNAs.
Unlike usual function in regulating mRNA stability on post-transcriptionally, miRNAs can also directly bind to Toll-like rec'eptors (TLRs) as a physiological ligand and trigger a specific biological action [20, 67] . Although the universal and specific mechanisms of action of tsRNAs are not very clear due to the limited studies on a few tsRNAs, tsRNA still showed some common features of small non-coding RNAs like miRNAs or piRNAs.
Regulating mRNA stability
As a type of small non-coding RNAs, tRFs have similar functional mechanisms with miRNAs. MiRNAs can directly combine with mRNA to regulate mRNA stability. Luo et al. demonstrated that most tsRNAs were abundant and conserved in Drosophila. Besides, tsRNAs could recognize mRNAs by binding to conserved complementary sequence and further inhibit target genes (key components of the general translation machinery) by translational inhibition [21] . Previous studies found that 3-tRFs have miRNA-like structure and function, directly binding to target mRNA and resulting in translational repression or mRNA degradation in mature B lymphocytes or non-small cell lung cancer cells [22, 23] . Interestingly, recent studies showed that tRFs can combine with Argonautes (Ago) 1, 3 and 4 but not Ago2 in human 293 cells. Although tRFs can't bind to Ago2 (the main effector protein of miRNA function), they have similar characteristics with miRNAs, suggesting tRFs may involving in silencing RNA [24] .
Binding to protein
Proteins which combine various RNA targets can serve as main regulators of gene expression to harmonize cellular processes and influence cell phenotype. For example, a recent study found that 1-tRFs and 3-tRFs take part in globally controlling small RNA silencing through competitively combining with Ago family, further influencing the silence efficiency of target genes [25] . In addition, a novel class of 2-tRFs derived from tRNA(Asp), tRNA(Tyr), tRNA(Gly) and tRNA(Glu) can competitively bind to YBX-1 and inhibit various oncogenic mRNAs stabilization in breast cancer (BRC) via transposing their 3′ UTRs [19] . Some studies found that specific tiRNAs could inhibit translation by displacing elF4G/elF4A from uncapped to capped RNAs depending on a terminal oligoguanine motif [26] . tiRNAs were packaged into a structure similar to Gquadruplex, competitively combining with eIF4G/eIF4A in the complex of translation initiation and further suppressing mRNA translation [27] . A previous study found that tRNA Val-GAC-produced 5-tRF in Haloferax volcanii could combine ribosomal subunit near mRNA channel and weaken synthesing protein integrally [28] . Further structural studies are needed to more sufficient explore how tRFs directly bind to protein.
Transposable elements
In general, transposable elements are transcriptionally inhibited by epigenetic factors, for instance, DNA methylation and histone modification [29] . In a recent study, a group determined that 18 or 22 nt tRFs could suppress reverse transcription, retrotransposon mobility (18 nt) and further silence the long terminal repeat (LTR) retrotransposon or post-transcription similar to miRNA (22 nt) [30] . Furthermore, Dicer-like 1 (DCL1)cleaved and produced 5-tRFs were merged into Ago1, further participate in regulating the stability of genome by targeting transposon element mRNAs in plant Arabidopsis thaliana.
Regulating RNA reverse transcription tsRNAs can also participate in regulating virus RNA reverse transcription. Ruggero et al. showed that tRF-3019, processed from tRNA-proline, exhibited perfect sequence complementarity to the binding sites in primers of human T-cell leukemia virus type 1 (HTLV-1), then priming HTLV-1 reverse transcription [31] . Meantime, infection of respiratory syncytial virus (RSV) can induce ANG to cut tRNAs to process tiRNAs in host cells. Host tiRNAs can serve as primers to promote RSV replication and enhance their infection efficiency [32] [33] [34] . Therefore, both tRFs and tiRNAs can be used as primers to regulate RNA reverse transcription. Further research on the functional mechanisms of tsRNAs may provide valuable ideas to explore the biological function of tsRNAs.
Biological function of tsRNAs

Biological function of intracellular tsRNAs
Intracellular miRNAs play a crucial part in regulating a variety of life activities, including individual development, cellular proliferation, apoptosis, metabolism and tumorigenesis, and their abnormal expressions make for the pathogenesis of many human diseases [35] [36] [37] [38] .
tsRNA and stress
Under stress stimulation, for instance, hypoxia, oxidative stress, UV irradiation and heat/cold shock, tRNA halves expression was induced [39] . Consequently, tRNA halves are also called tRNA-derived stress-induced RNA (tiRNA) [6] . ANG, a ribonuclease of RNase A superfamily, responsible for processesing tRNAs into tiRNAs [4] . The cleavage of tRNAs induced by stress has been found in Tetrahymena thermophile lack of nutrient [7] , Streptomyces coelicolor [40] , Trypanosoma cruzi [41] , and in serum-deprived Giardia lamblia [9] , spore-forming Aspergillus fumigatus [8] , phosphate-depleted Arabidopsis thaliana [42] , oxidatively stressed Saccharomyces cerevisiae [10] and Homo sapiens [39] . Several studies show that the tRNA fragments induced by stress could directly suppress protein biosynthesis. For example, 5′-tRNA fragments overexpression, but not 3′-tRNA fragments, had been shown to globally inhibit the translation in human U2OS cells [6] and trigger the package of cytoplasmic foci and stress granules (SGs) induced by translation initiation suppressors [43] . In a previous study, Ivanov et al. revealed that tiRNAs may combine with YB-1 to regulate the translation in stressed cells [26] .
tsRNA and cancer Dysregulation of tsRNA had been observed in various malignancies. For example, in breast cancer, hypoxic stress could induce the generation of tRFs, and this type of tRFs inhibits various oncogenic mRNA stabilization in BRC cells by replacing the 3′ UTRs from YBX1. In addition, highly metastatic cells could escape the pathways of tumor suppression by weakening production of the tRFs [19] (Table.1 ). In addition, Pekarsky et al. reported that two members of tsRNA family, ts-3676 and ts-4521, were inactivated in lung cancer and chronic lymphocytic leukemia (CLL) and interacted with piwi proteins. They also measured the expression of 120 tsRNAs via microarray chip and found that tsRNAs are dysregulated in lung cancer and CLL [44] . Honda et al. had found that a novel type of tsRNAs were abundant in estrogen receptor (ER)-positive BRC and prostate cancer cell lines and patient tissues with androgen receptor (AR)-positive, and increased by sex hormones and their receptors. Among them, 5′-tsRNAs, but not 3′-tsRNAs, has extensively participate in regulating cell proliferation. Maute et al. identified a miRNA-like tRNA-derived fragment downregulated in B cell lymphoma and inhibits cell proliferation. Moreover, the fragments regulate the DNA damage response through repressing mRNA transcripts in a sequence-specific mode [22] . Besides, Zhao et al. also found four 5′-tiRNAs were decreased in clear cell renal cell carcinoma tissues, indicating the potential role of tsRNA as a tumor suppressor [45] . Although several tsRNA had been showed play vital roles in cancer progression and tumorigenesis, the precious mechanism and common function of tsRNAs in cancer need further study.
tsRNA and neurodegenerative disease
Defects in tsRNA generation and processing enzymes were observed associated with a number of meurological disorder. For example, ANG mutants results in reduced RNase activity and serves as a potential predisposing genes for amyotrophic lateral sclerosis (ALS), a neurodegenerative disease characterized by adult-onset lack of motor neurons [46] . In 2012, a significantly higher frequency of ANG variants was also discovered in patients 1028 tRF-1 chr2.trna234-ThrAGT GTCTGCAGTTGGCTGTGCTTT [19] 5003b tRF-5 chr21.trna2-GlyGCC GCATGGGTGGTTCAGTGGTAGA [66] with Parkinson's disease (PD) [47] . Recombinant ANG is beneficial for culturing motoneurons depend on RNase activity [48] [49] [50] , suggested these effect due to the formation of tsRNAs. Actually, tiRNAs may promote motor neuron survival via inhibiting apoptosis [51] or promoting of SGs [26, 43] . tsRNAs also participate in neurodegeneration diseases [52] [53] [54] . CLP1 gene (R140A) mutations, the first RNA kinase to be identified in mammalian, are detected in neurological syndrome patients including peripheral nervous system (PNS) and central nervous system (CNS). Besides, the mice with CLP1 kinase-dead (CLP1 K/K ) show a progressive loss of spinal motor neurons correlated with axonal degeneration in denervation of neuromuscular junctions and peripheral nerves, finally leading to fatal respiratory failure, muscle weakness, paralysis, and impaired motor functions [52] . CLP1 mutants lose the kinase activity, tRNA endonuclease complex (TSEN) was nonstationary and the cleavage of tRNA precursor was further inhibited. In a previous study, in zebrafish, CLP1 null germline exhibited cerebellar neurodegeneration, this phenomenon could be rescued by overexpressing WT human CLP1, but couldn't be rescued by mutant CLP1 overexpression. In patients, the neurons showed depleted mature tRNAs and accumulated unspliced tRNA precursors. When the patient cells were transfected with partially processed tRNA fragments, the oxidative stress-induced decrease of cell survival would further exacerbated. This research combines the maturation of tRNAs with neurodegeneration and neuronal development via impaired CLP1 function in human [54] . Recent study found that 5-tRFs accumulate in the CLP1 kinase-dead mice and further increase the cell sensitivity to oxidative stress and further promote cell apoptosis in a p53-dependent form [52] . Although most studies have focused on the details of the interaction between CLP1 activities, the mechanisms of tRNA splicing and maturation and tRNA precursor-derived tRFs functions are yet not clearly understood. The above studies provide an idea for the following research on combining deregulated tRNA metabolism with the development of neurodegeneration.
There is growing attention on the research on the possible biological functions of tRNA-derived fragments. For instance, tsRNAs are potential systemic immune signaling molecules [55] . Virus infection also lead to abundant production of tsRNA, which inhibits target mRNA of cytoplasm and facilitates RSV replication [33] . Translational control in stem cells had been reported regulated by pseudouridylation of specific tsRNAs, influencing stem cell commitment during key developmental processes [56] . tsRNA also could combine with RPS15 and RPS28 ribosomal protein mRNAs to accelerate the translation and fine-tuned ribosome biogenesis [57] .
Biological function of extracellular tsRNA
It is generally assumed that RNA is unstable due to the ubiquitous ribonuclease, now miRNA is known to circulate in the bloodstream and other body fluids in a stable, cell-free form. Importantly, extracellular miRNAs show abnormal expressions in serum, plasma and other body fluids in the development and progression of many diseases and serve as promising noninvasive biomarkers to estimate the pathological status of the body [58] . tsRNAs has also been found stability in the circulation. Joseph M et al. found that 5′-tiRNAs can stably exist in the blood and tiRNA levels are correlated with age and calorie restriction [59] . They thought that tiRNAs maintain stability in blood most likely by binding to a nucleoprotein complex. In addition, this group found the significant changes in the levels of specific 5′-tiRNAs associated with breast cancer [60] . Besides, Zhang et al. screened small RNAs (18-40 nt) in the multiple mouse organs, revealing that tsRNAs present in the serum in a surprisingly high percentage (~70%), more than miRNA reads in general [61] . They showed that the tsRNAs in serum were not concentrated in exosome but remained in the supernatant and be protected from rapid degradation via protein binding and nucleotide modifications [61] . The diagnostic values and biological functions of tsRNAs in serum are intriguing, which need more detailed research and possibly opens a new round of study focus on serum small RNAs.
tsRNAs in intergenerational inheritance
Once deemed heretical, recent evidence supports the view that acquired characteristics inheritance can occur via ancestral experiences or exposures and that some paternally acquired traits could be 'memorized' in the sperm as epigenetic information. It is very tempting to speculate that small RNAs, including tsRNAs and miRNAs, may also be mobile signals that can experience alterations from paternal environment and facilitate crosstalk between generations. The tsRNAs enrichment of mature sperm was first found by RNA-seq analysis in mice [62] . tsRNAs in sperm are produced from the 5′ end of tRNAs, 29-34 nt long and are more enriched than miRNAs, accounting for the majority of small ncRNAs in sperm [62] [63] [64] . Sperm tsRNAs expression profiles and RNA modifications changed significantly in a male mice model of high-fat diet (HFD). And injection the sperm tsRNA fraction of HFD male mice into normal zygotes leaded to metabolic disorder in the F1 offspring and changed metabolic pathways gene expression in early embryos and islets of F1 offspring, indicating tsRNAs in sperm stand for a paternal epigenetic factor that mediate intergenerational inheritance of diet-induced metabolic disorder. Sperm miRNAs are also found altered after paternal exposure to trauma and can mediate the intergenerational inheritance of certain traits in mice [65] . However, studying the contributions of tsRNAs or miRNAs in sperm to the acquired traits transfer is just the first step, the precise contribution may be more complex and needs step-by-step research.
Conclusions
The study of tsRNA is still in a very early stage. Maybe more aspects of tsRNA will be found in the near future, such as the specific mechanism of biogenesis process and the clinical application. In addition, the universality and specificity of tsRNA are still unclear. tsRNA are produced from tRNA and it is difficult to specifically change the tsRNAs content without affecting the expression level of mature tRNAs. Maybe tsRNA regulate translational process for this reason, further resulting in the some abnormal function. Better understanding the function of tsRNA will provide valuable views on human physiology and pathophysiology. 
